Organocatalyzed Enantioselective Aldol and Henry Reactions Starting from Benzylic Alcohols by Alegre-Requena, J.V. et al.
Organocatalyzed Enantioselective Aldol and Henry Reactions
Starting from Benzylic Alcohols
Juan V. Alegre-Requena,a Eugenia Marqus-Lpez,a and Raquel P. Herreraa,*
a Laboratorio de Organocatlisis Asimtrica. Departamento de Qumica Orgnica. Instituto de Sntesis Qumica y Catlisis
Homognea (ISQCH) CSIC-Universidad de Zaragoza. C/ Pedro Cerbuna 12, 50009 Zaragoza, Spain
E-mail : raquelph@unizar.es
Received: October 18, 2017; Published online: && &&, 0000
Supporting information for this article can be found under https://doi.org/10.1002/adsc.201701351.
Abstract: Pioneering aldol and Henry reactions start-
ing from benzylic-type alcohols are described. The
aldol reaction has been successfully performed fol-
lowing a one-pot strategy starting from alcohols,
while the Henry reaction has been carried out fol-
lowing a sequential protocol for the first time. In
both processes, enantiomerically enriched products
were obtained with good yields and high enantiose-
lectivities. We have also demonstrated that in reac-
tions sensitive to small amounts of acid the use of al-
cohols instead of aldehydes could be a good solution
for improving the results of these reactions.
Keywords: alcohols; aldehydes; aldol reaction;
Henry reaction; manganeses dioxide (MnO2); one-
pot procedure; organocatalysis; oxidation
Introduction
Many organic reactions that initially start from alde-
hydes lead to products of biological interest. Among
the plethora of reactions that start from aldehydes,
the aldol[1] and the Henry reactions[2] are important
carbon-carbon bond-forming methods in organic syn-
thesis.[3] These processes represent two potent strat-
egies for the synthesis of valuable b-hydroxy ketones
and b-nitro alcohols providing, after further transfor-
mations, efficient access to interesting and highly
functionalized intermediates. Both reactions have
been developed under many different conditions and
using diverse catalytic systems, providing from good
to excellent enantioselectivities.[4–6]
During the development of our previous Henry
protocol,[7] we realized that the presence of traces of
acid in the aldehydes used could inactivate the small
amount of catalyst employed (0.0044 mmol). It is well
known that traces of acids are generated in aldehydes
due to oxidation processes (see the Supporting Infor-
mation for images of this process, Figure S1). This
could be a serious problem that appears when using
diverse aldehydes. In fact, many of the aldehydes that
we used were purified before the reactions in order to
avoid the inactivation of the catalyst. The influence of
different amounts of acids on the reactivity and the
enantioselectivity of diverse organocatalytic reactions
(e.g., in aminocatalysis) has been also explored by
other authors.
Hence, this problem encouraged us to study the
challenge of forming the aldehydes in situ by oxidiz-
ing alcohols. In fact, there is a wider variety of alco-
hols available in comparison with aldehydes and, in
many occasions, alcohols are much easier to handle
and work with. For this reason, it seems evident that
the use of alcohols in organic processes instead of al-
dehydes would significantly increase the versatility of
the reactions, especially when the aldehydes are un-
stable or difficult to handle.[8] Additionally, the explo-
ration of new asymmetric catalytic methodologies of
reactions where carbonyl compounds are used as
starting materials is still important for an efficient
construction of interesting building blocks. Conse-
quently, the development of Henry and aldol reac-
tions starting from alcohols would open a new area of
research in the progress of these interesting reactions
(Scheme 1).
The oxidation of alcohols to aldehydes or ketones
is an important process in organic synthesis and sever-
al methods have been successfully developed to ac-
complish this transformation[9] like, for example, using
organocatalytic procedures.[10] However, it is much
rarer to find examples where the carbonyl group gen-
erated in the oxidation is involved in a subsequent
asymmetric catalytic process. In fact, there are only a
few studies on this and, in all of them, the second re-
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actions were carried out using proline-derived cata-
lysts.[11] Therefore, the development of new oxidative
processes of alcohols to generate aldehydes involved
in subsequent organocatalytic protocols is highly de-
sirable.
Results and Discussion
Among the different oxidants analyzed in the litera-
ture (IBX, TEMPO, Swern oxidant, MnO2, etc.), we
realized that the mildest and most efficient one for
our aim was MnO2.
[12] Moreover, the use of the other
oxidants mentioned would lead to the generation of
acids during the oxidation reactions, which could in-
hibit the successive catalytic reactions in this investi-
gation. In order to demonstrate our hypothesis, we
first explored the aldol reaction depicted in Table 1.[13]
This example represents the first asymmetric one-pot
aldol reaction starting from benzylic alcohols and it is
catalyzed by a Cinchona-derived primary amine.[14]
As reported in Table 1, it was possible to successful-
ly oxidize alcohols with MnO2 in different solvents.
Interestingly, the final product 5a was produced with
consistently better results when alcohol 1a was used
instead of aldehyde 2a. In the original study starting
from aldehydes, the authors noticed that when the
amount of acid was higher than 15%, the yield of the
reactions dropped.[13] Therefore, the decrease ob-
Scheme 1. The goal of this research: developing aldol and
Henry reactions starting from alcohols.
Table 1. Screening of the one-pot Cinchona-catalyzed aldol reaction starting from alcohol 1a or aldehyde 2a in different sol-
vents.[a]
Entry Solvent Oxidation
temp [8C]
Time oxi-
dation of
1a
Time
[h] cat-
alysis
Yield 5a
[%][b,c]
using 1a
dr 5a[b,d]
anti :syn
using 1a
ee 5a [%]
[b,e] using
1a
Yield 5a
[%][c,f]
using 2a
dr 5a[d,f]
anti :syn
using 2a
ee 5a
[%][e,f]
using 2a
1 THF 60 3 h 23 73 95:5 99 58 95:5 98
2 DMF 100 15 min 45 75 91:9 98 44 88:12 95
3 DMSO 100 15 min 45 77 86:14 98 70 84:16 97
4 toluene 100 15 min 23 85 95:5 99 61 >95:5 99
5 CH2Cl2 30 15 h 12 39 94:6 96 32 94:6 99
6 CHCl3 55 3 h 22 32 90:10 94 30 89:11 93
[a] Experimental conditions: to a suspension of MnO2 (2.5 mmol) in the solvent (0.5 mL) and at the temperature indicated in
the table, alcohol 1a (0.5 mmol) was added. After the oxidation time, the reaction mixture was cooled down to room tem-
perature and a mixture of catalyst 3 (0.05 mmol), TfOH (0.075 mmol) and 4 (1 mL) in 1.5 mL of the corresponding sol-
vent was added in one portion. After the reaction time, the process was quenched with a saturated NH4Cl aqueous solu-
tion (20 mL) and extracted with AcOEt (330 mL). The organic phases were dried with MgSO4 and the solvent was
evaporated. Adduct 5a was isolated by column chromatography.
[b] Results starting from alcohol 1a.
[c] After isolation by column chromatography.
[d] The diastereoisomeric ratio was determined by 1H NMR spectroscopy of the crude reaction mixture.
[e] Determined by chiral HPLC analysis for the major diastereoisomer.
[f] Results starting from commercially available aldehyde 2a.
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served in the yield when 2a is used could be mostly
caused by the residual amounts of acid that this alde-
hyde generates through its oxidation over time. It is
remarkable that, in all examples, the in situ generated
aldehyde was used without having been purified, fol-
lowing a one-pot procedure.
We then explored the efficiency of the one-pot pro-
tocol using a variety of benzylic alcohols 1a–g
(Table 2 and Supporting Information, Scheme S1)
under the best reaction conditions found during the
initial screening (Table 1, entry 4). As depicted in
Table 2, the aldol reaction led to the desired b-hy-
droxy ketones 5 in good yields and excellent enantio-
selectivities (up to 99% ee). The reactivity of the pro-
cess depends on the electronic effects of the aromatic
rings, as better yields are obtained with electron-with-
drawing substituents in shorter reaction times. How-
ever, these electronic effects are not correlated with
the enantioselectivity of the process.
Recently, we developed a trifunctional squaramide
catalyst that promotes the Henry reaction through a
multidentate activation.[7] Encouraged by the results
obtained for the aldol reaction, we envisioned to
apply this idea (Scheme 1) also to that reaction.
Initially, the screening of the oxidation reaction
using benzylic alcohol 1f (reported in the Supporting
Information, Table S1) was conducted in CH3CN,
since the following catalytic Henry step was success-
fully performed in mixtures of this solvent with
CH3NO2. Compound 1f reacted completely in the oxi-
dative process using 5 equivalents of MnO2 at 80 8C
(Supporting Information, Table S1, entry 6). Interest-
ingly, traces of acid or other by-products from alcohol
1f were not detected by 1H NMR during the process
even after long reaction times, supporting our initial
aim.
Then, the time necessary for the total conversion of
each alcohol 1 in its corresponding aldehyde 2 was an-
alyzed (Scheme 2). We observed that alcohols with ar-
omatic rings that bear electron-withdrawing groups
(alcohols 1a–e, 1j) required longer oxidation times in
comparison with alcohols 1f–i.
Table 2. Scope of the one-pot Cinchona-catalyzed aldol reaction starting from alcohols 1a–g.[a]
Entry Ar (1a–g) Time [h] catalysis Yield 5 [%][b] dr 5[c] anti :syn ee 5 [%][d]
1 4-NO2C6H4 (1a) 17 83 93:7 99
2 3-NO2C6H4 (1b) 17 71 92:8 99
3 4-CNC6H4 (1c) 18 75 91:9 98
4 4-ClC6H4 (1d) 63 76 92:8 97
5 4-BrC6H4 (1e) 64 70 90:10 97
6 Ph (1f) 100 53 90:10 >99
7 2-furyl (1g) 101 71 75:25 93
[a] Experimental conditions: to a suspension of MnO2 (2.5 mmol) in toluene (0.5 mL) at 100 8C, alcohol 1 (0.5 mmol) was
added. After the oxidation time, the reaction mixture was cooled down to room temperature and a mixture of catalyst 3
(0.05 mmol), TfOH (0.075 mmol) and 4 (1.5 mL) was added in one portion. After the reaction time, the process was
quenched with a saturated NH4Cl aqueous solution (20 mL) and extracted with AcOEt (330 mL). The organic phases
were dried with MgSO4 and the solvent was evaporated. Adduct 5 was isolated by column chromatography.
[b] After isolation by column chromatography.
[c] The diastereoisomeric ratio was determined by 1H NMR spectroscopy of the crude reaction mixture.
[d] Determined by chiral HPLC analysis for the anti diastereoisomer.
Scheme 2. Oxidation of alcohols 1. Reaction conditions:
1 mmol of 1 and 5 mmol of MnO2 in 1 mL of CH3CN at
80 8C.
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With the optimal reaction conditions in hand for
the oxidation step (Scheme 2), we firstly analyzed the
catalytic Henry system following a one-pot protocol
as shown in Scheme 3.
Unfortunately, product 6f was not observed after 4
days of reaction. This fact made us think that some of
the reagents or by-products that come from the oxida-
tion step were inactivating the subsequent Henry pro-
cess. To avoid these impurities, the solid generated
during the initial oxidation step was filtered and the
catalytic reaction was performed in a sequential
manner. Then, 100 mL of the filtered solution, without
purification of the in situ generated aldehyde, were
added over a mixture of catalyst 7 and CH3NO2. The
process worked well in terms of enantioselectivity
(83% ee) and reactivity (53% yield) (Table 3, entry 6)
and, again, better yields were found when alcohol 1f
was employed in comparison with the outcomes ob-
served when using aldehyde 2f (35% yield).
The efficiency of this protocol was further studied
for a range of different benzylic alcohols (1a–j) and
the results were compared to those obtained when
the initial reagents were the corresponding commer-
cially available aldehydes (2a–j) (Table 3).
As shown in Table 3, the Henry reaction took place
rendering the desired b-nitro alcohols 6 in good to ex-
cellent yields (up to >95%) and high enantioselectivi-
ties (up to 93% ee) with very clean reaction crudes.
The enantioselectivity did not depend on the electron-
ic effects of the alcohols. However, the reactivity is
probably correlated with the electronic effects of the
aromatic rings since the reagents with an electron-
withdrawing group in the aromatic ring exhibited
more reactivity (Table 3, entries 1–5 and 10). Al-
though the enantiomeric excesses observed when
using alcohols are practically identical compared with
those obtained when aldehydes are employed, the re-
activity is better in almost all the cases (see 1d–j). It
is remarkable that in the reactions using commercially
Scheme 3. One-pot Henry reaction.
Table 3. Scope of the squaramide-catalyzed Henry reaction starting from alcohols 1a–j and from aldehydes 2a–j under the
same reaction conditions.[a]
Entry R Time [h] Yield 6 [%] using 1[b,c] ee 6 [%] using 1[b,d] Yield 6 [%] using 2[c,e] ee 6 [%] using 2[d,e]
1 4-NO2C6H4 (1a) 23 >95 79 >95 80
2 3-NO2C6H4 (1b) 23 >95 93 >95 93
3 4-CNC6H4 (1c) 23 76 81 >95 80
4 4-ClC6H4 (1d) 96 89 83 73 85
5 4-BrC6H4 (1e) 96 86 84 33 85
6 Ph (1f) 69 53 83 35 85
7 2-furyl (1g) 93 69 92 26 90
8 4-CH3C6H4 (1h) 93 37 86 n.r.
f n.d.g
9 1-naphthyl (1i) 93 66 80 n.r.f n.d.g
10 3-ClC6H4 (1j) 96 87 83 n.r.
f n.d.g
[a] Experimental conditions: to a suspension of MnO2 (5 mmol) in CH3CN (1 mL) at 80 8C, alcohol 1 (1 mmol) was added.
After the oxidation time (Scheme 2), the reaction mixture was cooled down to room temperature and the suspension was
filtered using an HPLC filter of 0.22 mm. Then, 0.1 mL of the filtered solution was collected and added to a solution of
catalyst 7 (0.005 mmol) in CH3NO2 (0.4 mL) at 24 8C. After the reaction time, adduct 6 was isolated by column chroma-
tography.
[b] Results starting from alcohols 1.
[c] After isolation by column chromatography.
[d] Determined by chiral HPLC analysis.
[e] Results starting from commercially available aldehydes 2.
[f] No reaction observed after 3 days.
[g] Not determined.
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available aldehydes 2h–j without previous purification
no products were formed. This occurs because the
presence of traces of acid in these aldehydes inacti-
vates the small amount of catalyst used in the process.
In fact, in our previous research,[7a] many of the alde-
hydes required a preliminary treatment in order to
remove the acids and avoid such inactivation. In some
cases, a few minutes after purifying the aldehydes, the
generation of acid was observed in the aldehydes.
Conclusions
In summary, we have successfully developed the first
asymmetric catalytic aldol and Henry reactions start-
ing from benzylic-type alcohols 1. The combination of
an oxidation and a successive aldol or Henry protocol
produced b-hydroxy ketones 5 and b-nitro alcohols 6,
respectively, with very good results. It was found that,
in some cases, the same Henry reactions using com-
mercially available aldehydes 2 did not work after
four days. Moreover, we have proven that the oxida-
tion step can be carried out for diverse substituted ar-
omatic alcohols using different solvents without im-
pairing in the results of the reaction. Our protocol
demonstrates that using alcohols leads, in general, to
better results than using aldehydes, especially in cases
where aldehydes oxidize easily or are difficult to
handle. The procedure described herein could open
new opportunities and could be applied to other reac-
tions that start from aldehydes. Further research on
the efficacy of this organocatalytic approach in other
asymmetric reactions is ongoing in our lab in order to
extend this idea.
Experimental Section
General Experimental Methods
Purification of reaction products was carried out by column
chromatography using silica gel (0.063–0.200 mm). Analyti-
cal thin layer chromatography was performed on 0.25 mm
silica gel 60-F plates. 1H NMR spectra were recorded at
300 MHz; 13C APT NMR spectra were recorded at 75 MHz;
CDCl3 was used as the deuterated solvent. Chemical shifts
are reported in the d scale relative to residual CHCl3
(7.28 ppm) for 1H NMR and to the central line of CDCl3
(77 ppm) for 13C APT NMR.
Materials
Spectral data for 5a–g,[13] 6a,[15] 6b,[16] 6c,[17] 6d,[15] 6e,[17] 6f,[17]
6g,[17] 6h,[18] 6i,[18] and 6j[18] are consistent with values previ-
ously reported in the literature. See the Supporting Informa-
tion for all spectra and HPLC chromatograms.
Representative Procedure for the Organocatalyzed
Aldol Reaction Starting from Alcohols
To a suspension of MnO2 (2.5 mmol) in toluene (0.5 mL) at
100 8C, alcohol 1a–g (0.5 mmol) was added. After 15 min.,
the reaction mixture was cooled down to room temperature
and a mixture of catalyst 3 (0.05 mmol), TfOH (0.075 mmol)
and 4 (1.5 mL) was added in one portion. After the reaction
time (Table 2), the process was quenched with a saturated
NH4Cl aqueous solution (20 mL) and extracted with AcOEt
(330 mL). The organic phases were dried with MgSO4 and
the solvent was evaporated. Adduct 5 was isolated by
column chromatography.
Representative Procedure for the Organocatalyzed
Henry Reaction Starting from Alcohols
To a suspension of MnO2 (5 mmol) in CH3CN (1 mL) at
80 8C, alcohol 1a–j (1 mmol) was added. After the oxidation
time (Scheme 2), the reaction mixture was cooled down to
room temperature and the suspension was filtered using an
HPLC filter of 0.22 mm. Then, 0.1 mL of the filtered solution
was collected and added to a solution of catalyst 7
(0.005 mmol) in CH3NO2 (0.4 mL) at 24 8C. After the reac-
tion time (Table 3), adduct 6 was isolated by flash chroma-
tography.
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